We demonstrate the first loading of fermions into a microfabricated magnetic trap. In a single-chamber vacuum system, laser-cooled atoms are transported to the surface of a substrate on which gold wires have been microfabricated. Neutral atoms are trapped in the magnetic field minimum formed above these current-carrying wires. We load up to 6×10 4 40 K atoms into the "chip trap." In addition, we simultaneously load 2×10 5 87 Rb atoms into the trap, demonstrating the first confinement of two atomic species on a chip. In a more optimized sequence for 87 Rb alone, we observe up to 1 × 10 7 confined atoms. We describe in detail our experimental apparatus, and discuss prospects for evaporative cooling towards quantum degeneracy in both species.
Introduction
Since the observation of Bose-Einstein condensation 1 and Fermi degenerate gases, 2 atomic gases have been used to study quantum degenerate many-body systems. Experiments have demonstrated exquisite control over the trapping environment, temperature, density, and interaction strength of the constituents. In contrast with solid and liquid systems, quantum degenerate gases are dilute, and without impurities, and are thus more easily compared to theoretical models. Furthermore, observations can be made with spatial imaging or with momentum spectroscopy, and both can be done rapidly enough to observe the dynamics of the system. With these systems, it is possible to access interesting many-body regimes such as the Hubbard model, 3 Anderson localization, 4 and the BEC-BCS crossover regime. 5 At present, approximately fifty experimental research groups around the world are studying ultra-cold quantum gases. Microfabrication of magnetic trapping elements bring new tools to these studies. 6, 7 Micro-electromagnets (µEMs) can be used to build smaller traps, achieve stronger trap gradients and curvatures, 8 and reduce the power requirements of the system. In addition, microfabrication techniques make integration with waveguides 9 and other devices 10, 11 possible. The ability to trap atoms near a surface has led to a range of recent studies focusing on interactions between degenerate atom clouds and surfaces. 12, 13 To date, µEMs have only been used to study thermal and degenerate Bose gases. In this paper we discuss an apparatus built to study Fermi degenerate gases (FDGs) in a µEM trap. The high oscillation frequency accessible in a strongly confining µEM trap has several advantages for studies of FDGs. First, an increased collision rate allows fast evaporative cooling, which simplifies the realization of a dual species system, as described in §2. Second, the high oscillation frequency allows quantum degeneracy with a smaller number of atoms. The Fermi temperature in a three-dimensional harmonically trapped gas is
where ω is the mean oscillation frequency, λ is the aspect ratio of the trap, and N is the atom number. At fixed T /T F , N is proportional to ω −3 , so higher oscillation frequencies ease the study of FDG with small atom numbers. Systems with small numbers of trapped fermions are reminiscent of quantum dots, where small numbers of electrons are captured in electrostatic wells. Mesoscopic neutral fermi gas samples are also expected to be rich in phenomenology. While Coulomb interactions dominate electron mesoscopics, the relatively weaker interaction energies of neutral atom Fermi systems facilitate the study of purely quantum-statistical effects such as spatial shell structure. 14 Another appealing feature of µEM traps is the variety of trap geometries which can be formed. Single traps with a high aspect ratio (> 10 3 ) could be used to study quasi-one-dimensional ensembles of fermions. 15 Two or more traps could be connected through quantum point contacts 16 or tunneling barriers.
In the following sections, we will describe our progress towards realizing some of the experiments mentioned above using bosonic 87 Rb and fermionic 40 K. After a description of the apparatus in §2, we will discuss its performance to date in §3, which includes the first demonstration, to our knowledge, of trapping fermions in a µEM trap. We discuss prospects for evaporative cooling towards quantum degeneracy in both species and future prospects in §4.
Experimental Apparatus
Experiments with quantum degenerate gases require trapping, cooling, and imaging of ultra-cold atoms. In our case, trapping is accomplished by capturing atoms from a background vapor in a Magneto-Optical Trap (MOT), and then transferring them to a purely magnetic trap, both within the same vacuum chamber. Cooling is accomplished in two steps: first, by laser cooling in the MOT and optical molasses; and second, by forced evaporative cooling in the µEM magnetic trap. Imaging is either fluorescent or absorptive, using resonant laser light and CCD cameras in both cases.
Our system is vastly simplified by the use of a µEM trap. The evaporative cooling times realized in such traps are typically a few seconds, 6, 13, 17, 18 short enough that a single vacuum chamber can be used both to collect atoms from the background vapor and to cool them to degeneracy with evaporative cooling. In systems with magnetic traps created by standard coils, multiple chambers or Zeeman slowers are necessary. Additional lasers are typically required to move atoms between chambers (or slow them). In a dual-species experiment such as ours, these additional lasers would be required for both species, making the choice of a single chamber an even more advantageous simplification.
The following subsections describe the essential components of the experiment, sometimes focusing on technical choices that we believe would be interesting to researchers in the field. For a more general audience, this description can serve as a specific example of a degenerate gas experiment that is structurally similar to many other existing experiments. We also refer the reader to review articles of experimental techniques. 19 
Vacuum System
The required quality of the vacuum is in general dictated by the desired lifetime of the trapped atoms. A collision with a background atom or molecule (thermalized with the walls of the chamber at room temperature) can eject an atom from the trap, since the energy transferred is much higher than the trap depth (between 1 K and 1 mK). For instance, the partial pressure of hydrogen must be no higher than 3 × 10 −9 mbar to obtain a ten second holding time for rubidium. 20 This environment also serves to thermally isolate the cold gases from ambient temperature, since convective and conductive heat transfer are eliminated by working in a vacuum. 21 Our vacuum system consists of a pyrex cell, 75 mm by 75 mm by 165 mm, connected to an ion pump and a titanium sublimation pump through a 6 inch conflat stainless steel cube. During pump-down and bake-out, a turbo pump is connected to the system, but sealed off using a gatevalve during normal operation. 22 The entire system is supported on an optical table such that the glass cell is closest to the table. Magnetic trap (see §2.4) lifetimes as long as 9 s and MOT 1/e lifetimes as long as 24 s have been observed, suggesting that the pressure in the system is at or below 4 × 10 −9 mbar.
Sources
Alkali atoms -both rubidium and potassium -are selectively released into the vacuum chamber using dispenser sources. 23 These devices use a reaction between an alkali salt and a reducing agent to produce free alkali atoms and a byproduct. The reaction is activated by resistive heating of the nichrome boat in which the reactants are housed.
Dispensers are commercially available 24 for both rubidium and potassium in their natural isotopic abundance. However, while the natural abundance of 87 Rb (27.83%) is acceptably high, the natural abundance of 40 K is only 0.012%. Thus, we constructed a potassium dispenser using an isotopeenriched potassium salt. Our dispenser was modeled after that of Ref. 25 , with the addition of a fine nickel mesh to contain the reactants. The device uses the following heat-enhanced reaction to supply potassium:
Tests show that several milligrams of potassium (not distinguishing between isotopes) can be dispensed from the sources we built, comparable to the efficiency of commercial dispensers. At the specified 3% abundance of 40 K in the isotope-enriched KCl we use, one milligram yields 30 µg of fermionic potassium. Given our typical 40 K MOT size of 10 7 atoms, it is reasonable to expect the dispenser lifetime to be on the order of years, as has been observed in other degenerate gas experiments.
Although some atoms dispensed by our sources are trapped in the MOT, most are deposited on the walls of the glass cell or captured by the vacuum pumps. We have observed that 87 Rb atoms can be "recycled" from the glass walls using light-induced atom desorption (LIAD). 26, 27 Whereas previous observations of this effect in cold atom experiments have used broadband white light sources, 28, 6 we have determined the specific wavelengths which are effective in desorbing 87 Rb for loading into the MOT. 29 With the dispensers off, we measured the number of 87 Rb atoms captured by the MOT as a function of the center wavelength of various weak (∼0.5 mW) LED sources of desorbing light. Wavelengths greater than 500 nm had no visible effect, whereas wavelengths in the 400 nm range boosted the MOT loading rate by roughly a factor of five. This is consistent with observations in paraffin-coated vapor cells, 27 although it is unknown if the LIAD mechanism is identical. Encouraged by these preliminary tests, we built a 30 mW source at a center wavelength of 410 nm. Desorption using this source allows us to load 10 8 87 Rb atoms into the MOT without turning on the dispensers 30 , which reduces the background pressure and increases the trap lifetime. The atom number we capture with LIAD in a UHV cell is ten times larger than that reported in previous experiments, 6, 18 where light sources consuming up to 150 W of power were used. This comparison may not be an accurate measure of the source efficiency, however, since our MOT uses much larger trapping beams.
Laser System
Near-resonant lasers are used for laser cooling and trapping, optical pumping, and imaging. These applications require laser linewidths that are small compared to the natural atomic linewidth (Γ ≈ 2π × 6 MHz for the cycling transitions in 40 K and 87 Rb) and sufficient power to saturate the cooling transition in our MOT. These constraints are met by locking lowpower grating-stabilized diode lasers, injecting into free-running seed lasers, passing the light through single-mode optical fibers, and where necessary injecting into a tapered amplifier as a second stage of amplification, as shown in Figure 1 . The fiber optics produce clean spatial modes for imaging beams, and decouple the alignment of the beams around the vacuum system from other, less critical alignments.
Four master lasers are used: two for the 87 Rb D 2 line at 780.246 nm, and two for the 40 K D 2 line at 766.702 nm. Of each pair, one laser is tuned to the cycling transition (i.e., from the F = 2 ground state to the F ′ = 3 excited state for 87 Rb, and from the F = 9/2 ground state to the excited state manifold for 40 K) and the other laser to the repumping transition (out of the F = 1 ground state for 87 Rb and out of the F = 7/2 ground state for 40 K). The ground state hyperfine splittings are 6.835 GHz and 1.286 GHz for 87 Rb and 40 K respectively, large enough that separate master lasers are convenient.
These resonant wavelengths are an ideal combination for a two-species experiment. 31 They are close enough that they can share the same mirrors, fibers, coatings, and tapered amplifier, but far enough apart that dichroic waveplates can selectively manipulate the polarization of one wavelength without affecting the other, such that 100% combining efficiency can be achieved. Fig. 1 . The splitting and combining of the the various frequencies according to their function and desired path through the pyrex cell. Polarizing beam splitter cubes, broadband waveplates (black), and dichroic wave plates (grey) are shown. Single-mode optical fibers send light to the vacuum system. One of these fibers injects the tapered amplifier, which produces the MOT beams. The other fiber paths are aligned directly into the pyrex vacuum cell. Note that acousto-optic modulators and shutters are not shown.
Each master is locked using saturated absorption spectroscopy. A modulation transfer scheme is used, in which the frequency of the pump is dithered (in our case, at 100 kHz) and the resultant amplitude modulation of the probe is used to lock to a peak maximum. The output of a lock circuit is sent both to the piezo voltage and to the current of the master laser, to achieve a lock bandwidth of over 5 kHz. Using this method, we observe a short term (integrated over 50 ms) stability of 300 kHz. Three of these master lasers (all but the Rb repump) inject free-running diode lasers to boost their power. Note that we use 30 mW and 100 mW diodes at 767 nm that did not need to be cooled significantly below room temperature, as was necessary in previous work. 31 Figure 1 shows the mixing of various frequencies into the fiber optics that transport them to the vacuum system. The majority of the laser power is used to inject the tapered amplifier, producing 0.65 W of power, which is split into six beams for the MOT. A second fiber is used for imaging, which is described in more detail in §2.9. A third fiber is used for optical pumping into a specific magnetic sublevel to maximize efficiency of loading from the MOT (which traps all states) into the magnetic trap (which traps only specific sublevels). In all cases dichroic waveplates 32 are used to produce a single polarization of light. 
Magnetic Trap
Two pairs of circular coils are used to create the magnetic field for the MOT, for the first magnetic trap, and for the movement of the magnetically trapped atoms from the first magnetic trap (formed at the MOT) to the chip trap (5 cm away; see Figure 2 ). All four coils are mounted outside the glass cell. The inner pair of coils (the "MOT coils") create the linear quadrupole fields for the MOT and magnetic trap. Both coils consist of 100 turns of insulated, hollow-core 33 copper wire, wound to form a square crosssection with an inner (outer) diameter of 10 cm (18.4 cm). The coils are mounted with an inner separation of 8.4 cm. The outer coils (the "Transfer coils") carry equal and parallel currents to provide a nearly uniform field in the z direction. They are made of the same hollow-core copper wire, but have 49 turns each and inner (outer) diameters of 28 cm (36.4 cm). The Transfer coils are mounted with an inner separation of 11.4 cm. Applying the uniform field of the Transfer coils to the quadrupole field of the MOT coils shifts the location of the B = 0 trap center along the z axis (vertical). The MOT laser beams are aligned so that they intersect at z = −2.5 cm from the center of the MOT coils. Together, these coils create and move the trap center between the location of the MOT and the surface of the chip, several centimeters away.
The advantage of this "off-center" MOT is power efficiency. A good quadrupole trap can only be formed within roughly half a coil radius of the center of a pair of anti-Helmholtz coils. Had we formed the MOT at the center of the coils and wanted to transport the atoms the same distance to the chip, the radius of the coils would have to have been doubled. Maintaining the same magnetic field gradient in these larger coils would require an order of magnitude more electrical power.
As built, the power consumption for the primary coils is 0.8 kW at 60 A, which generates a gradient of 94 G/cm along thex-axis. Optical access is sufficient for six 5-cm-diameter MOT beams as well as several imaging axes. Using the Transfer coils, cold atoms have been transported over 5.5 cm.
Trap Switch
Several phases of the experiment require fast switching of the magnetic trap coils. In order to load atoms from the MOT into the magnetic trap, the coils must be turned off quickly to create a zero-field condition for optical molasses, and then turned on quickly to high current for efficient loading of the magnetic trap. Fast turn-off is also necessary when imaging the atoms in order to avoid heating, distortion of the cloud, and Zeeman shifts of the atomic energy levels. The time scale for the abrupt transitions of the magnetic fields is determined by the classical oscillation period of atoms in the trap. Roughly, fields should be switched in less time than a single oscillation. A chip trap (see §2.6) can have oscillation frequencies above 1 kHz, requiring sub-ms switching times for the fields. At 3 mH inductance and 60 A of current, voltages up to one kilovolt are required to achieve sufficiently fast switching times. Figure 3a shows a schematic of the control circuit (dubbed "Mag-O-Matic") for rapidly switching large currents. The complete trap requires two such switches: one for the MOT and one for the Transfer coil. These are independent and nearly identical; only the MOT control circuit is shown. The difference between the two circuits is the role of the relay: the Transfer coils are hard-wired in series, but the relay determines the direction of current; the relay in the MOT circuit switches the coils between Helmholtz and anti-Helmoltz configurations.
When the coils are operating in steady state, the IGBT (Insulated Gate Bipolar junction Transistor) stack is on and the coil supplies are running in constant current mode. The current flows through the blocking diode, the coils, the IGBT stack, and a giant magneto-resistive (GMR) current sensor. The sensor is used for quantitative monitoring only.
The coils are turned off by turning the IGBT stack off. The counter-EMF (or "flyback") caused by the inductance of the coils produces a high voltage spike which is clamped by the transient voltage suppressors (TVS) at about 940 V. The coil current is dissipated at 0.4 A/µs, as shown in Figure 3b .
There are two ways to turn on the coil current. If the IGBT stack alone is turned on, the current will rise asymptotically to the steady-state value in ∼20 ms. The other turn-on method (the "fast on") works as follows. At any time before the fast turn-on is needed, the high voltage (HV) supply is used to charge up the HV capacitor. Fast turn-on is triggered by first turning on the IGBT stack, and then triggering the HV Silicon Controlled Rectifier (SCR). In the few microseconds between these two events, no significant current flows due to the coil inductance. Triggering the SCR creates an LC parallel resonant circuit with the coil inductance and the HV capacitor. During the first quarter-cycle of the resonance, roughly 350 µs, the capacitor transfers its charge to the coil (see Figure 3c ). The charge on the capacitor is chosen such that after this quarter-cycle the coil is at its steady state voltage, and the blocking diode of the supplies will conduct to provide the steady state current. The SCR turns off when the current flowing through it falls to zero.
Atom chip
Although the external magnetic trap described in §2.4 can capture and hold the atoms, efficient evaporative cooling requires a collision rate that is several hundred times greater than the loss rate from the trap. 34 In our single-chamber vapor cell, the lifetime (the inverse of the loss rate) is only a few seconds. As a result, the initial collision rate must be greater than 10 2 s −1 , which (for the number and temperature typically captured by a MOT) requires a more tightly confining trap than the external coils can provide.
A µEM trap (or "atom chip") can provide much stronger confinementwhile using smaller currents -than a trap produced by conventional coils. 8 To understand this, consider a cylindrical wire of diameter D carrying current I. The field gradient at a distance r > D/2 from the wire is
where µ 0 is the permitivity of free space. Decreasing the wire radius de- creases the minimum r but also decreases the current capacity 35 I as D 3/2 , and thus the maximum gradient scales as D −1/2 . Reducing D from millimeterscale to micrometer-scale therefore improves the magnetic field gradient by several orders of magnitude. This higher gradient provides tighter confinement, which increases the collision rate and accelerates thermalization as is necessary for evaporative cooling.
The atom chip we are using for this experiment is identical to the one described in Ref. 17 . Two types of traps are used: a "U-trap" and a "Ztrap". These configurations, along with the external field necessary to form a trap near the wire, are shown in Figure 4 .
The U-trap consists of a 420-µm-wide, 7-µm-high gold wire in the shape of the letter 'U', as shown in Figure 4a . The base of the U is 2.0 mm long. When a bias field is applied parallel to the plane of the U and perpendicular to its base, a three-dimensional quadrupole trap is formed above the base of the wire. Using a current of 5.0 A and a bias field of 20 G, a quadrupole trap is formed 430 µm from the surface, with a trap depth of 1.3 mK, and a mean gradient of 200 G/cm. The Z-trap consists of a 60-µm-wide, 7-µm-high gold wire in the shape of the letter 'Z', as shown in Figure 4b . The middle segment of the Z is 2.85 mm long. When a bias field is applied to this wire, a Ioffe-Pritchardtype trap (i.e., a magnetic trap whose minimum field is nonzero) is formed above the surface. Using a current of 2.0 A and a bias field of 40 G, the minimum is 100 µm from the surface, with an oscillation frequency of 6.5 kHz in the transverse direction and 13 Hz in the longitudinal direction. These calculations are for 40 K, and assume a 1 G "Ioffe field" applied in theŷ direction, to increase the minimum field of the trap.
Sequencing
Our experiment operates in a cycle, starting with the collection of hot atoms, and progressively cooling and compressing the cloud to higher phase space density. Coordination of each stage of the experiment is accomplished using a dedicated real-time system, called the sequencer. 36 The sequencer operates with an 80 MHz clock rate, and has 128 MB of onboard memory, allowing for the generation of complex waveforms. Twenty-four analog outputs and thirty-two digital outputs are updated as quickly as once every 10 µs. These outputs are buffered (as described below) and sent to various parts of the experiment: shutters, frequency modulators, power supplies, cameras, and the magnetic switch. A standard desktop computer programs the sequencer over an ethernet connection. In order to protect the sequencer, drive low impedance loads, and prevent ground loops, buffers are used for all channels of the sequencer. Galvanic isolation of the digital channels is accomplished by using a GMR-based device. 37 The schematic used for the analog buffer is shown in Figure 5 . Outputs from the buffer have "soft" grounding: the 10 Ω between the source ground and the buffer output return is low enough to carry any load current yet high enough to prevent ground loops. A variation on a differential input amplifier corrects for the output return's offset and noise.
Radio Frequency Source for Evaporative Cooling
Laser cooling of atoms is restricted to low densities because light must be able to escape from the cloud to carry away entropy. In essence, this constraint limits most laser cooling schemes to phase space densities below 10 −4 . Further cooling can be accomplished in a purely magnetic trap using evaporative cooling, in which the hottest atoms are selectively removed from the trap, each carrying away more than the average energy of a trapped atom. After rethermalization, the remaining ensemble has a lower temperature. Atoms are selectively removed using an electromagnetic field that couples only to atoms located at higher potential energy surfaces in the trap. Generally, the field is in the radio frequency (RF) range. The RF field spin-flips atoms to a magnetically anti-trapped state, and they are ejected from the trapping volume.
While many quantum gas experiments use standard commercial function generators, such devices typically have dwell times and switching times of 10 ms (or greater), rendering them unable to sweep quickly enough for an evaporation that may last only one second. Instead we generate the RF field using Direct Digital Synthesis (DDS), which has sufficient speed and precision for our application, at a fraction of the cost of a complete highfrequency function generator. DDS creates a sinusoidal waveform point by point, which is then sent through a digital to analog converter. In our implementation, 38 an on-board 15.360 MHz reference oscillator is multiplied up 19 times to give a 291.840 MHz sample frequency. Using dividers implemented in digital logic, any frequency from µHz up to the Nyquist frequency (here 146 MHz) can be generated with 48-bit resolution. Linear sweeps can be produced by specifying beginning and ending frequency, number of frequency steps, and step time. Since no phase-locked loop is involved, the sweep rate is limited only by the digital clock cycle. Exponential sweeps are approximated piecewise by a series of linear sweeps.
The frequency and amplitude of the DDS is programmed using three digital lines from the sequencer. The RF output signal is amplified and fed into an auxiliary wire on the chip, which acts as an "antenna". Since the antenna is less than a millimeter away from the atoms, little power is required to perform RF evaporation.
Imaging
We obtain information about the atom cloud with fluorescence and absorption imaging. Fluorescence imaging is accomplished by observing the light of a resonant laser beam scattered by an atom cloud. In absorption imaging, a resonant beam is passed through the cloud, and imaged on a CCD camera. The atoms absorb a portion of the laser beam, leaving behind a shadow of the atom cloud. Since the optical density of the cloud is proportional to the three-dimensional density integrated along the line of observation, the shadow gives direct information about the spatial distribution of the atom cloud.
At the chip, we also detect the cold atomic cloud by generating a onedimensional magneto-optical trap (1D MOT). A retro-reflected probe laser parallel to the chip surface is directed onto the magnetic field minimum of the chip trap, where the atoms are located. When the probe laser is reddetuned from resonance, the cold atomic cloud scatters light, while being confined by the magneto-optical force in the direction of the probe propagation. The longer interrogation time in the 1D MOT allows for a higher signal-to-noise detection than simple fluorescence imaging. The method is useful for measuring atom number, but it does not image the cloud, since the atoms are pushed towards the magnetic center of the 1D MOT. (In fact, this technique is a useful way to determine the locations of magnetic field minima above the chip.)
Four different imaging systems are used in the experiment: one looking from below along theẑ-axis, two to image clouds at the chip from thex andŷ directions, and one to image the MOT and first magnetic trap. Each imaging system makes use of two lenses in order to form an image of the cloud on the CCD of the camera (described below). The two chip imaging systems are built to observe small clouds, and use a matched set of achromats with numerical apertures of 0.33 for thex-axis system and 0.25 for theŷ-axis system.
We use monochrome CCD cameras with 640×480 pixels, 7.4µm×7.4µm each, with a variable-gain 10-bit intensity greyscale. 39 The acquisition duration is electronically shuttered and can be varied in steps of 50 µs. Communication with imaging software over an IEEE1394 ("Firewire") communication standard obviates the need for a dedicated imaging board.
Trapping of 87 Rb and 40 K on a chip
Even though the experimental apparatus described in §2 is still in the final stages of construction and testing, we have been able to observe some preliminary success in cooling and trapping. In this section, we describe (in §3.1) the sequence we use for loading cold 87 Rb into the chip trap, and (in §3.2) a recent result in which we have used a variation on the sequence to simultaneously load 87 Rb and 40 K into a chip trap.
Experimental sequence for 87 Rb
From the background vapor produced by a rubidium dispenser, we trap and cool ∼ 10 9 87 Rb atoms in a magneto-optical trap (MOT). The trapping beams each have an intensity of about 2.5 mW/cm 2 , and are detuned δ = −3Γ from the 5S 1/2 F=2 → 5P 3/2 F=3 cycling transition. The repumper is 0.8% of the trapping intensity. The MOT coils provide a gradient of 9 G/cm along the strong axis. We cool the atoms further by rapidly turning off the current in the anti-Helmholtz coils and detuning the trapping beams δ = −9Γ for 9 ms to create an optical molasses. After this second cooling stage, we measure a temperature of T≤ 30µK and a phase space density ρ = 5 × 10 −5 .
After the molasses stage, the atoms are recaptured in a purely magnetic trap with a vertical gradient of 21 G/cm. This magnetic field gradient is strong enough to trap atoms in the F = 2, m F = 2 hyperfine ground state against the force of gravity, while atoms in lower magnetic substates remain untrapped. Once trapped, the atoms are compressed adiabatically for transport to the chip with a vertical gradient of 47 G/cm (or 94 G/cm on the strong horizontal axis of the trap). Typically, we load 15% of the atoms (1.5× 10 8 atoms) into the quadrupole trap, and after compression, they have The efficiency of the quadrupole trap loading is improved by the insertion of a short optical pumping step immediately after the optical molasses stage. We turn on a uniform bias magnetic field to provide a quantization axis for the atoms and then apply along this same axis a 200 µs laser pulse tuned to the 5S 1/2 F=2 → 5P 3/2 F=2 transition to optically pump the atoms. By using σ+ polarized light, the atoms are pumped into the F = 2, m F = 2 hyperfine ground state. This step typically improves the loading efficiency by a factor of two, while essentially leaving the size and temperature of the atomic cloud unchanged.
We transport the atoms in the quadrupole trap up to the chip by changing the current in the Transfer coils. With a magnetic field gradient of 47 G/cm in the vertical direction, we move the atoms from the MOT position to the chip by smoothly varying the vertical (+ẑ) bias magnetic field (produced by the Transfer coils) from −84 G to +121 G in about 600 ms. The atoms do not experience any significant loss or heating during the transport. Horizontal (x andŷ) bias magnetic fields provide transverse positioning to align the cloud to the center of the µEM trap.
Once at the chip, the atoms are loaded into the U-wire trap by first increasing the current in the U-wire, and then simultaneously decompressing the quadrupole trap while increasing the transverse horizontal bias magnetic field for the chip trap. The loading process takes 300 ms. After loading the U-wire trap, we find that the trap contains 1×10 7 atoms with a temperature of T=200 µK and a phase space density of ρ ≈ 10 −6 .
This entire sequence can be initiated at a lower vapor pressure by turning off the dispensers and using LIAD, as is described in §2.2. This method reduces the atom numbers throughout the sequence by roughly a factor of ten, but improves the lifetime of the atoms in the quadrupole and chip magnetic traps. Figure 6 shows images of light-desorbed 87 Rb in the MOT (Fig. 6a ) and after release from the chip trap (Fig. 6b,c) .
Simultaneous loading of 87 Rb and 40 K
Recently, we have adapted the above sequence, developed for 87 Rb, to include 40 K. We report two technical milestones: (1) trapping of a cold fermionic atomic species in a chip trap, and (2) simultaneous trapping of two elements, in this case a bosonic isotope and a fermionic isotope, in a chip trap.
In order to load 40 K onto the chip, we make the following changes to the sequence. We turn on the 40 K-enriched dispenser and potassium lasers to load a MOT. Then, instead of using an optical molasses cooling stage, we compress the MOT for 100 ms with an anti-Helmholtz gradient of 94 G/cm. The trapping beams are then turned off and the atoms remain trapped in the magnetic quadrupole field (which was already on at full strength). The rest of the sequence is as described in §3.1: we transport the cold atoms to the chip and transfer them into the µEM trap.
Using this sequence, 40 K is loaded onto the chip. Figure 6d shows a 40 K MOT and Figure 6e shows a 40 K cloud that was released from the µEM trap and imaged using the 1D-chip-MOT fluorescence detection scheme described in §2.9.
Turning on the LIAD source and 87 Rb lasers, we observe that both species are loaded onto the chip, although 87 Rb is not loaded as efficiently as in the original sequence. By selecting a probe beam at 780 nm or 767 nm, we can detect 87 Rb or 40 K atoms, respectively. We observe simultaneous trapping of 2 × 10 5 87 Rb atoms and 6 × 10 4 40 K atoms in the U-wire trap.
Discussion and Future work
While the above sequences are successful, they are not optimal. The transfer efficiency (∼ 10%) from the external quadrupole trap to the U-wire µEM trap is not as high as has been previously observed in similar transfer sequences. 13 It is possible that we are limited by the trap depth of the µEM trap.
The sequence used to load 40 K is preliminary and has not been studied carefully. Unlike in the sequence described in §3.1, the method described in §3.2 to load the magnetic trap will trap more than one m F level in each species. A spin mixture in the magnetic trap is susceptible to spin-exchange losses. The range of magnetic sublevels can be reduced with an optical pumping step.
Future work includes the evaporative cooling of 87 Rb and sympathetic cooling of 40 K, both to quantum degeneracy. We have observed that the RF system described in §2.8 can remove atoms from the chip trap, but we have not studied this effect. For quantum degeneracy, the atoms must be loaded into the Z-wire trap, whose Ioffe-Pritchard field configuration avoids losses due to Majorana spin-flips. Improvements in loading the chip will be necessary to achieve the correct starting condition for evaporative cooling to degeneracy.
Several additions to our apparatus are possible. Manipulation of the atoms with microwaves will enable the simultaneous evaporation of 40 K and 87 Rb, which has been shown to improve efficiency in other dual species experiments. 40 Far off-resonant laser light can be used to form a trap using the induced electric dipole of the atom. Such an optical trap is useful for the study of multiple spin states, and for accessing Feshbach-Verhaar resonances. 41 A next-generation microfabricated trap must be built to reduce light scattering off the chip, and to address known problems with the techniques used to fabricate our chip. 17 Finally, a higher quality camera will improve our imaging sensitivity.
Conclusion
In conclusion, we have demonstrated the trapping of 40 K and of 87 Rb on a chip. To our knowledge, this is the first time fermions have been confined by a µEM trap, and the first time two elements have been simultaneously loaded into a µEM trap. The apparatus used to achieve this has been described in detail, indicating some technical choices that may interest researchers in the field.
The high aspect ratio of these traps may be useful for studies of quasi-one-dimensional ensembles. In the simplest case, the aspect ratio is controlled by the ratio of the wire current to the bias field: the closer the trap is to the surface, the higher its aspect ratio. The 500:1 aspect ratio of the Ztrap in the example given in §2.6. seems well suited to quasi-one-dimensional experiments. A complication is the trap "roughness," which has been investigated in Refs. 12,17. This roughness may spoil the use of some wire traps as simple elongated traps, but may also allow for the study of quantum gases in potentials with frozen-in randomness. 42 
